Background: Ample evidence implicates cellular senescence as a contributor to frailty and functional decline in rodents, but considerable effort remains to translate these findings to human aging. Methods: We quantified senescence biomarker p16
A key strategy advanced by the interdisciplinary field of geroscience is to therapeutically target the biologic aging process to prevent or reverse declines in health and function (1, 2) . One such biological process, cellular senescence, has emerged as a promising target for drug development based on a growing body of animal literature (3, 4) . Cellular senescence entails cell cycle arrest triggered by DNA damage, oxidative stress, or metabolic stressors (5, 6) . This molecular damage can engage cellular signaling cascades and activate p53 and/or p16
INK4a cellular senescence programs leading to a senescent phenotype demonstrated to have deleterious consequences on health and function in animal models of aging (3, (6) (7) (8) . Senescent cells can accumulate within mitotic tissues such as adipose leading to detrimental local and systemic effects that can compromise function (3, 4, 8, 9) . For example, up to 30-fold greater senescent cell accumulation is observed in visceral adipose tissue from obese compared with non-obese adults (9) , possibly owing to a combination of replicative, cytokine-induced, and metabolic stresses coupled with reduced apoptosis (4, 9, 10) . Elevated adipose tissue senescent cell burden is hypothesized to contribute to local and systemic dysfunction as adipose is frequently the largest tissue in the human body with important immune and endocrine functions (10, 11) . In rodents, elevated adipose senescent cell burden induced by aging or "fast-food" westernized-diet accompanies systemic inflammation and physical dysfunction (4, 11) , but even modest reductions in the number of senescent cells can positively impact health and function. For example, adipose senescent cell abundance in middle-aged mice is attenuated from 12% in sedentary to ~2% in exercised animals exposed to a fast-food diet, which is attended by robust improvements in function and physical endurance (4) . However, the physical function and clinical health consequences of cellular senescence in human aging have yet to be determined.
Determining the abundance and functional consequences of cellular senescence in humans is necessary to evaluate the translational potential of therapeutically targeting senescent cells (12) (13) (14) . We hypothesized that elevated burden of senescent cell biomarker cyclin-dependent kinase inhibitor p16
INK4a in adipose tissue is uniquely associated with poorer physical function in older persons. We further hypothesized that p16
INK4a
+ senescent cell burden can be quantified serially as a biologic outcome for clinical trials in humans, and may be sensitive to change with intervention. To gain initial insight, we leveraged previously collected cryopreserved thigh adipose tissue (intermuscular or perimuscular) from well-characterized overweight/obese older women previously enrolled in a clinical study (15) . We sought to demonstrate proof-of-concept that: (1) senescent cells could be detected by immunohistochemical (IHC) staining of p16 INK4a + cells in intermuscular/perimuscular thigh adipose of older women, (2) p16
INK4a senescent cell abundance would be associated with poor physical function, and (3) adipose p16
+ cell burden may be sensitive to change following a 5-month resistance training with or without caloric restriction intervention (RT ± CR).
Materials and Methods

Participants and Study Design
This study took advantage of cryopreserved adipose samples collected coincident to biopsy of the vastus lateralis during a previously conducted randomized clinical trial of resistance exercise (3 d/ wk) either with -600 kcal/day caloric restriction or without caloric restriction in overweight/obese (body mass index [BMI] ≥ 28-35 kg/ m 2 ) older adults (65-79 y) (Improving Muscle for Functional Independence Trial, I'M FIT; clinicaltrials.gov NCT01049698) (15) . The study was approved by the Wake Forest School of Medicine Institutional Review Board and all participants provided written informed consent.
Detailed description parent study design, participants, and measures of body composition and adiposity are provided in Supplementary Methods and previous publication (15) . Main outcome measures in the parent I'M FIT study that are relevant to the present investigation are: (a) body composition (height, weight, body mass index, dual-energy X-ray [DEXA]), (b) thigh intermuscular adipose tissue volume (IMAT, by computed tomography [CT scan]), (c) physical function (grip strength, 400-m walk performance, 4-m usual gait speed, and self-perceived mobility), and (d) biopsy of thigh intermuscular or perimuscular adipose tissue coincident to harvest of vastus lateralis; when adipose tissue (deep to fascia) was harvested with the skeletal muscle sample, it was immediately dissected and stored at -80°C (n = 56 total, n = 40 with ≥20 mg adipose sample needed for analysis). A subset of these cryopreserved thigh adipose samples obtained at baseline (n = 11) and follow-up (n = 8 pre-post intervention pairs with n = 4 RT and n = 4 RT + CR) was analyzed, using selection criteria to minimize impact on biorepository resources, and to ensure heterogeneity in physical function (See Supplementary Methods for detail).
Physical Function
Physical function was measured as grip strength, time to complete 400-m walk at a brisk pace, 4-m usual gait speed and self-perceived mobility (Mobility Assessment Tool short form, MAT-sf). Grip strength was measured twice to the nearest kilogram by using an isometric hydraulic hand dynamometer (Jamar); the maximal value by the right hand was used in analyses. Performance on 400-m walk was determined as time to complete the distance (10 laps on an indoor 20-m long course) as quickly as possible without running. Gait speed was determined as the usual walking speed on a 4-m course. The MAT-sf consisted of a 10-item computer-based assessment of mobility using animated video clips and covers a broad range of functioning, with score range 0-60 (60 best).
Quantification of Adipose p16
INK4a
Biopsy of vastus lateralis and coincident adipose was performed in the morning following an overnight fast following standard procedures (Supplementary Methods). Briefly, a modified Bergstrom needle was used to harvest skeletal muscle and surrounding tissue, including intermuscular and/or perimuscular (subfascial) adipose. The residual adipose was manually teased apart, flash frozen, and stored at -80°C. Cryopreserved adipose samples were thawed, paraffin embedded, and IHC nuclear staining for p16 INK4a 
Statistical Analyses
All statistical analyses were performed with SPSS software (version 23.0, IBM); α = 0.05 was used to assess significance. Descriptive characteristics are reported as means ± SD and ranges. Intra-examiner reliability was determined by intraclass correlation coefficient using a one-way random effects model, and inter-item Pearson correlations across analyses were examined. Pearson correlations coefficients were calculated to assess cross-sectional relations at baseline and post-intervention between p16
INK4a abundance (percent fields with p16 + cell abundance, body composition and physical function over time and estimates of intervention effects, the statistical differences within subjects were calculated using repeated measures ANOVA (RT and RT + CR intervention arms collapsed). Finally, to gain exploratory insight into possible relations between change in p16 INK4a + cell abundance and change in physical function and body composition, Pearson correlations between the absolute change (post-RT ± CRpre-RT ± CR) in each variable were calculated.
Results
Subject Characteristics and Senescent Cell Abundance in Thigh Adipose Samples
Subject characteristics at baseline are summarized in Table 1 INK4a + cell burden is associated with poorer physical function, even with adjustment for age and body composition. Significant negative correlations exist between p16
INK4a + abundance with grip strength, usual gait speed on 4-m course, and MAT-sf, and though not statistically significant, moderate correlations were also observed for leg power and SPPB score (Table 3 , Supplementary Figure 1) . Likewise, 400-m walk time was positively correlated with percent total cell count p16
INK4a + and a moderate (but non-significant) correlation was observed with five-repetition chair rise time, such that higher p16
INK4a + cell burden was associated with poorer endurance walk and chair rise performance (Table 3 , Supplementary Figure 1) . p16
INK4a + cell burden was significantly associated with waist circumference, but was only modestly associated with age and other indices of body composition, such that elevated p16
INK4a + cell burden was either unrelated or moderately related to older age, lower lean body mass, and greater adiposity (Table 3) . Partial correlations between physical function measures with significant correlations with p16
INK4a + burden are shown in Supplementary Table 1 (independent adjustments for age, BMI, total fat mass, total lean mass, and IMAT); adjusting for age, adiposity, and lean mass did not affect the magnitude or direction of the associations. Table 2 ). The relationships between p16 INK4a + burden and grip strength, and chair-rise performance remained statistically significant (p < .05), and though not significant, moderate relations with 400-m walk speed and MAT-sf, were observed (r > 0.50), but not with 4-m usual gait speed, leg power, and SPPB (Supplementary Table 2 ). Table 4 ). In this study subset, the 5-month intervention elicited 3 ± 4% total weight loss and reduced adiposity (baseline vs 5-mo RT ± CR, p < .05 all), but lean mass, physical function and self-perceived mobility were unchanged (Supplementary Table 4 ). Bivariate correlations were assessed between absolute changes in p16 INK4a + cell abundance and changes in body composition (Supplementary Table 5) , with moderate correlations observed with change in indices of adiposity including body weight, total fat mass, and percent body fat (p ≤ .05), but not physical function, though modest and inconclusive given the small sample size.
Thigh Adipose p16
Discussion
This study provides proof-of-concept that p16
INK4a
+ cell abundance from thigh adipose is associated with worse physical function in community-dwelling older overweight/obese women. Moreover, these relations were not mediated by age, adipose quantity, or lean mass, suggesting that p16 INK4a + cell burden derived from thigh adipose tissue is uniquely related to physical function. We demonstrate that p16
+ cell abundance can be quantified serially and may be sensitive to change with an intervention. Additionally, though our data suggest a possible association between change in p16 INK4a + expression and reduction in body weight and total fat with intervention-but not with change in physical function-the evidence is not conclusive and must be replicated in a larger sample with a control group for reference. These preliminary observations require replication by a larger prospective study with supplementary senescence biomarkers and senescence-associated secretory products, however, we do provide the first evidence for translational utility of an in vivo cellular senescence biomarker and its associations with physical function and adiposity in older humans.
We found a robust cross-sectional association between thigh adipose tissue p16
+ cell abundance and several subdomains of physical function, including grip strength, 400-m walk performance, gait speed, and self-perceived mobility that predict higher rates of disability, institutionalization, and mortality (16) (17) (18) . Preclinical investigations in rodents suggest depot specificity, with elevated senescent cells accumulation in visceral adipose tissue compared with subcutaneous adipose (4,10). While we do not have access to visceral adipose tissue in this study, our findings do suggest that p16
INK4a expressing cells do accumulate in thigh adipose harvested deep to fascia (not subcutaneous), and this depot may serve as a source of senescent cells that are relatively easier to access than visceral depots. Excess adipose tissue is associated with worse physical function in older adults (19) , but thigh intermuscular fat in particular is more closely associated with physical dysfunction and annual gait speed declines in older persons, such that every 5.75 cm 2 increase in intermuscular fat is associated with a 0.01 ± 0.0 m/s annual decline in gait speed, and this decline is exacerbated with intermuscular adipose gain over time in older persons (20) . That robust cross-sectional associations were observed between physical function and p16 INK4a + cells harvested from thigh intermuscular or perimuscular adipose, an adipose depot known to independently predict gait speed and functional decline, is intriguing and warrants further investigation to determine depot-specificity and possible systemic mediators.
We were able to detect p16 + senescent cell burden and change in functional outcomes over time. Thus, longitudinal assessment without intervention will enable calculation of effect size that will be critical for future clinical trials with senolytics and other interventions designed to directly or indirectly alleviate senescent cell burden. In conclusion, this study provides the first direct evidence that the senescence biomarker p16
INK4a is associated with physical dysfunction that could increase risk of disability, loss of independence, and mortality in older adults, and these relations are independent of age and adiposity or lean mass. Additionally, p16 INK4a + cell burden in biopsied thigh intermuscular or perimuscular adipose tissue can be quantified serially in the context of a clinical trial in older persons, and is potentially modifiable with intervention. These results are preliminary and require replication and validation, including determination of p16
+ cell type, confirmation of permanent cellcycle arrest, and correlation with additional senescence and SASP markers. Though additional data are needed to identify the mechanisms of action, this study provides novel evidence that thigh adipose tissue p16 INK4a + cell burden may have functional consequences in community-dwelling older women, and opens a fertile area for future research seeking to translate groundbreaking insights on cellular senescence from the lab to the clinic.
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